Abstract-A design optimization technique that addresses the impedance mismatch problem of inverted V-dipoles is proposed. The antenna-modeling tool CST Microwave Studio was used to analyze the impedance and radiation characteristics of a V-dipole. The analysis shows that increasing the distance of the dipole's arms from the ground plane, which is typically a quarterwavelength, reduces the coupling between them and greatly improves the impedance match. The analysis results show an improved impedance match for a maximum arm height ranging from 0.30λ to 0.40λ. This range is dependent on the desired bandwidth. In addition, analysis results show that an adjustment to the balun feedline length is needed to maintain the impedance match and achieve a large bandwidth. This adjustment can be achieved by making the balun feedlines shorter than the maximum height of the dipole. The analysis results are verified with antenna impedance measurements.
INTRODUCTION
Previous research and measurements [1] [2] [3] [4] [5] have shown the existence of nulls or "blind spots" in the pattern of balun-fed straight-arm dipole phased arrays. This "blindness" effect has been associated with the coupling between the dipole balun feedlines. It can be eliminated by bending the dipole arms 45 • toward the ground plane forming an inverted V-dipole. This variation to a dipole's shape does address the pattern null problem. However, it also changes the dipole's impedance characteristics, providing a poor impedance match over the operating frequency band. Several analytical and computational theories [3, [6] [7] [8] have been proposed to model the behavior of an inverted V-dipole. Nonetheless, all of these models fail to predict the observed impedance mismatch.
The purpose of this communication is to provide a simple understanding of the behavior of a V-dipole and to present an optimization technique to improve its response over the frequency band of interest.
IMPEDANCE OPTIMIZATION OF V-DIPOLES
The impedance of an inverted V-dipole, as shown in Figure 1 , is dependent on parameters like the arm length and thickness, the arm incline angle, α, the distance of the arms from the ground plane, h, and other dipole dimension not explicitly mentioned in this communication. The dipole impedance is also influenced by its balun matching network, which matches the balanced dipole to an unbalanced feedline. The balun consists of a pair of metal tubes of length h that are electrically connected to the dipole arms and to the ground plane. A conductor is inserted in one of the tubes forming a coaxial transmission line that is electrically connected to the second tube. Research [1] has shown that an increase in the arm incline angle changes the dipole radiation pattern and impedance characteristics. An increase in arm incline heightens the mutual coupling between the dipole arms, the coupling between the arms and the balun feedline, and the coupling between the arms and the ground plane. These interactions make the nominal dipole arm height of h = 0.25λ not the optimal value for the design of a V-dipole, providing a poor impedance match in the frequency band of interest. The response of the V-dipole can be significantly improved by increasing the arm height. However, increasing h reduces the coupling between the arms and the ground plane, shifting the operating frequency and increasing the dipole's bandwidth.
A V-dipole antenna was modeled for arm heights varying from 0.25λ ≤ h ≤ 0.40λ. The antennamodeling tool Microwave Studio [9] was used to analyze the V-dipole. The dipole was designed to operate at a center frequency of 650 MHz with a bandwidth of approximately 300 MHz (S 11 ≤ −10 dB). The simulation results, plotted in Figure 2 , show that for h = 0.25λ the dipole does not meet its bandwidth specification. As h was increased, the response improved over the frequency band of interest. The results plotted in Figure 2 show a practical range for the arm height 0.30λ ≤ h ≤ 0.35λ. For arm heights h > 0.35λ the dipole response starts to deteriorate. This is due to the balun's length, which is the same as the dipole height, h, becoming now too long. For these values, a readjustment of the balun's length is required. This is achieved by inserting a shorting stub a distance h from the maximum height of the arms, as shown in Figure 3 . Once more, the V-dipole was modeled using CST Microwave Studio. This time the shorting stub was added to the model. The value of h was set to 0.37λ. The stub position h was varied from 0.305λ to 0.331λ. Figure 4 plots the simulation results. A significant improvement in the response is observed for all values of h < h. For this V-dipole geometry, the arm height and stub position that provide the largest bandwidth are h = 0.375λ and h = 0.317λ. In addition to the impedance, the dipole's pattern is also affected by h. As h increases, the maximum gain decreases and the number and magnitude of sidelobes increases. These effects on the radiation pattern set a limit to how high the dipole arms can be. Figure 5 plots a wire dipole's gain pattern for various heights h and assuming a 1.5λ × 1.5λ ground plane. 
SIMULATION AND MEASUREMENT COMPARISON
A V-dipole antenna as described in the previous section was fabricated from FR-4 printed circuit material, copper and semirigid coaxial cable. The antenna had a maximum arm height of h = 0.375λ. The shorting stub was placed at approximately h = 0.32λ. Figure 6 shows a photo of the fabricated antenna. The fabricated dipole's performance was then measured. The antenna measurements, frequency response and radiation pattern, were then compared to the CST model (h = 0.375λ, h = 0.325λ). Figure 7 shows the CST model. Figure 8 plots the measured and simulated frequency responses. The center frequency is 650 MHz and the bandwidth is approximately 275 MHz. The bandwidth is 25 MHz short of the required bandwidth but it still acceptable for the application. Figure 9 plots the radiation pattern of a dipole in an anechoic chamber and the simulated radiation pattern. The plots show good agreement between the CST model and the fabricated antenna performance. 
CONCLUSIONS
A design optimization method for improving the impedance match of an inverted V-dipole has been presented. This optimization technique consists of increasing the distance between the arms and the ground plane and readjusting the balun length as needed. A practical range for the maximum dipole height, h, was found to be 0.30λ to 0.40λ. For h > 0.35λ, an adjustment to the balun feedline length is needed. An antenna was designed and fabricated using this optimization method. The antenna measurements and the CST model were in good agreement.
